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Abstract This paper presents the analysis of nearly a decade of continuous aerosol observations performed
at theMbour site (Senegal) with Sun photometer, Lidar, and Tapered Electromagnetic OscillatingMicrobalance.
This site is influenced all year-round by desert dust and sporadically, in wintertime, by biomass burning
particles. Different patterns are revealed for winter and summer, seasons associated to air masses of
different origin. The summer (wet season) is characterized by a high aerosol loading (optical thickness,
AOT, around 0.57 at 532 nm) composed of large and weakly absorbing particles (Angstrom exponent, α, of
0.23 and single-scattering albedo, ϖ0, of 0.94 at 532 nm). A lower aerosol loading (AOT = 0.32) is observed
during winter (dry season) for finer and absorbing particles (α= 0.48 and ϖ0 = 0.87) revealing the presence
of biomass burning aerosols and a greater proportion of local emissions. This latter anthropogenic
contribution is visible at weekly and daily scales through AOT cycles. A decrease of about 30% in AOT has
been featured in autumn since 2003. The derivation of the extinction profiles highlights a dust transport
close to the ground during winter and in an aloft layer (up to 5 km) during summer. Accurate calculations of
the daily aerosol radiative effect in clear-sky conditions are finally addressed. From spring to winter, seasonal
shortwave radiative forcing averages of 14.15, 11.15, 8.92, and 12.06Wm�2 have been found respectively.
Up to 38% of the solar clear-sky atmospheric heating can be attributed to the aerosols in this site.

1. Introduction

With the largest worldwide dust emissions coming from extensive deserts such as Sahara and Sahel, Africa
plays a major role in the aerosols global emission [Prospero et al., 2002] reinforced, sporadically, with important
emissions of biomass burning aerosols [Delmas et al., 1991; Pelon et al., 2008]. Due to their different optical and
microphysical properties, these particles interact differently with the electromagnetic radiations. The dust
particles are mainly acting through the direct effect, while the smaller but absorbing biomass burning particles
are also involved in the semidirect effect [Satheesh and Krishnamoorthy, 2005]. Although the number of studies
focusing on the aerosol radiative effect over Africa increased these last years, a large uncertainty remains
regarding the radiative impact of the aerosols over this area [Haywood et al., 2003; Tanré et al., 2003]. One of
the reasons is the high variability of the particles in space and time whose better understanding requires
comprehensive observations of the aerosols in their natural environment. Spaceborne instruments, passive
such as MODIS (Moderate Resolution Imaging Spectroradiometer) or active ones as Cloud-Aerosol Lidar with
Orthogonal Polarization deliver useful multiyear observation databases covering large domains. Nevertheless,
the information is not continuous in time and limited by the constraining observation conditions. Some mea-
surements are performed from the ground through different campaigns [Haywood et al., 2008; Heintzenberg,
2009] but are usually limited to short time periods.

In 1996, the LOA (Laboratoire d’Optique Atmosphérique), in cooperation with the IRD (Institut de Recherche
pour le Développement), started to conduct continuous Sun photometer observations in the Mbour site, also
referred as the Dakar site, in Senegal, West Africa. These observations were completed 10 years later with the
setup of a Lidar and in situ instruments that perform continuous measurements ever since. West Africa is an
intricate study region since the related aerosols are complex mixtures of biomass burning aerosols, desert
dust, and anthropogenic emissions from traffic or domestic fires [Flament et al., 2011; Liousse et al., 2010].
In addition, the proximity of the site to the Atlantic Ocean implies an oceanic influence. The composition
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of the particles observed over this site depends on the atmospheric circulation which is mainly driven, at this
latitude (14.4°N), by the annual ITCZ (Intertropical Convergence Zone) oscillation [Gyoswami and Shukla,
1984] responsible for two contrasted seasons: the dry and the wet seasons. During summer, the desert-dust
particles are transported westward toward the Atlantic Ocean in elevated layers and can be observed over
Canary Islands [Bergametti et al., 1989; González and Urós, 2011] or Capo Verde [Ansmann et al., 2009;
Gama et al., 2015]. In contrast, during winter, the dust particles are rather transported close to the ground
[Chiapello et al., 1995].

Three years of observations (2006–2008) performed over this site have been presented by Léon et al. [2009].
The height variations of the dust transport have been investigated thanks to the Lidar vertical profiles. Even
though seasonal patterns could be noticed, the data set could not allow the exploration of the interannual
variability as well as the multiannual trends. At present time, thanks to a maintained effort at the instrumen-
tation level, the database is substantial enough to achieve these goals. New robust and automatic algorithms
have been developed and applied in order to process quality-checked retrievals over a large database.

The main objectives of this work are as follows: (i) to study seasonal and interannual variability of aerosol
properties by combining a large database of sunphotometric retrievals, namely, optical and microphysical
properties, with Lidar data, such as extinction profiles and layer heights, over a long time period and (ii) to
benefit from the simultaneously obtained total column photometric and vertically resolved Lidar observations
in order to better assess the aerosol direct radiative effect.

The paper is structured as the following: the instrumentation and the methodology used in this work are
presented in section 2. In section 3, we focus on the variability of the aerosol characteristics, from column-
integrated properties to vertical distribution. After describing the variation of the different parameters, we
propose an interpretation of the trends observed over different time scales while taking into account the
air masses trajectories and the weather records. Finally, in the last section, we calculate the aerosol radiative
effect in the Dakar site while benefitting from knowledge of the aerosol vertical profiles and highlighting its
important contribution.

2. Instruments and Methodology

The Mbour observation platform is located on the roof of the IRD center, 80 km south of Dakar. This site is
located near the Atlantic Ocean, at less than 100m from the seashore. It belongs to a nature reserve and is
therefore relatively distant from direct urban particle emissions. The observations of aerosol properties are
performed by means of both remote sensing (passive and active) and in situ instruments.

2.1. Sun Photometer

The Sun photometer measurements have been conducted since December 1996 with CE-318 Cimel Sun
photometers integrated into Aerosol Robotic Network (AERONET) [Holben et al., 1998]. Sporadic in time
during the earlier years, the observations became continuous in May 2003. The standard CE-318 Sun photo-
meters automatically measure the atmospheric transmission and the sky radiance at several scattering
angles. These measurements are collected at several wavelengths, from UV to the near-infrared spectral
domain, using nine filters passing sequentially in front of the detector. These filters have a bandwidth of
about 10 nm, which is respectively centered in 340, 380, 440, 500, 670, 870, 936, 1020, and 1640 nm.

The direct measurements lead to the aerosol optical thickness (AOT) which is an extensive parameter mostly
driven by the amount of particles and to the Angstrom exponent (α), derived from a couple of spectral AOT,
which vary with the particles size. The accuracy of the AOT depends on the wavelength. It is expected to
be lower than 0.01 for a wavelength, denoted λ, greater than 400 nm and lower than 0.02 elsewhere
[Holben et al., 1998]. Inversion of the radiation field measurements provides information on the microphysical
properties of the observed aerosol [Dubovik and King, 2000]. That is, the volume size distribution (VSD) and,
when the AOT level enables (AOT≥ 0.4 at 440 nm), the complex refractive index (RI, decomposed as m=mr–i
mi where mr and mi are, respectively, the real and the imaginary part), and therefore the single-scattering
albedo (hereafter written ϖ0). An estimation of the expected accuracy for these parameters can be found in
Dubovik et al. [2000]. Fraction of spherical/nonsphericity particles is also retrieved [Dubovik et al., 2002]. These
different retrievals are provided by the AERONET data processing, which ensures as well the cloud screening
for data levels 1.5 and 2.0 [Smirnov et al., 2000]. For this reason, only these data levels are used in this work.
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All the parameters delivered from the photometric observation are integrated for the entire atmospheric
column; the vertical distribution of the aerosol, however, can be investigated thanks to active remote
sensing instruments.

2.2. Lidar

In the context of the African Monsoon Multidisciplinary Analyses campaign (2006), the aerosol observation has
been reinforced on the site with the setting up of a monoaxial Cimel Micro-Pulsed Lidar (CAML CE-370). The
main advantage of this simple Lidar lies in its robustness and in its capability of automatic and continuous
running in extreme conditions, which is required for studying the variability in the aerosol characteristics over
different time scales. The Lidar provides attenuated backscatter profiles at 532nm up to a height of 30 km, with
a vertical resolution of 15m. A description of the CAML CE-370 instrument characteristics can be found inmore
details in the literature [Pelon et al., 2008]. The raw signal is corrected from the nonlinearity of the avalanche
photodiode detectors, from the background radiation and with the overlap function. The latter was calculated
with horizontal measurements and is regularly checked during clear atmospheric conditions by comparing the
profiles with a simulated theoretical Rayleigh profile. Due to the afterpulse phenomenon, which results from a
stray light due to internal reflections during the emission phase, the first 250m cannot be used.

The extinction profiles, σext, are calculated with 15min averaged backscatter profiles thanks to the Klett-
Fernald method [Klett, 1981, 1985] constrained by the AOT measured by the colocated Sun photometer.
For this kind of device, the expected accuracy on the retrievals has been discussed in Mortier [2013]. A con-
stant extrapolation is performed on the extinction profile for the first 250m during the inversion procedure,
in order to minimize the bias that would be induced with an incomplete vertical profile. The Lidar retrievals
used in this study are the extinction profile and an associated Lidar Ratio, denoted Sa and also called extinc-
tion to backscatter ratio, whose constant value along the profile, due to the lack of information, is an indicator
of the dominating type of aerosols observed in the column. In order to improve the signal-to-noise ratio, a
Gaussian bandwidth filter is applied to the fast Fourier transform of the signal. Thus, 50% of the highest fre-
quencies that are mainly responsible of the instrumental noise are reduced.

Cloud detection, based on the vertical variability of the signal [Pal et al., 1992], was developed in order to con-
sider aerosol profiles only. Some thresholds are involved in the detection process, but these take into account
the noise level of the signal, providing a robust detection. Thus, by using constant thresholds over the whole
database, a good discrimination of aerosols and clouds has been observed for very contrasted scenes and
even considering a time-evolving instrumentation. A description of the cloud-detection method can be
found in more details in Mortier et al. [2013]. Remaining clouds in Lidar profiles or Sun photometer measure-
ments would lead, in most of cases, to nonphysical Sa values. A minimum and a maximum boundary were
chosen, as respectively, 5 sr and 120 sr, for eliminating such possible residual contamination, as well as some
instrumental issues. Finally, profiles with negative extinction values below a height of 3 km were excluded.
Such cases can be observed if a wrong overlap function is applied.

Two different layer heights are detected, when possible, in every profile. The first is the planetary boundary
layer, or PBL, which refers to the strongest vertical gradient. The second one is the top layer (TL), which refers,
as introduced by Léon et al. [2009], to the top of the aloft aerosol layer if the vertical gradient is significant
enough. The vertical variability of the profiles is studied thanks to the wavelet technic [Baars et al., 2008;
Brooks, 2003]. A detailed description of the method is presented by Mortier [2013]. One can note that the
automatic processing of Lidar data algorithm (BASIC) is distributed (open source) by the ICARE data center
that uses it for computing the observations of various Lidars integrated into the French Network
(Observations en Réseaux des Aérosols à Usage de Recherches Environnementales (ORAURE)).

2.3. TEOM

A commercial TEOM 1400A (Tapered Electromagnetic Oscillating Microbalance) from Thermo Scientific
Company, maintained by the Laboratoire Inter-universitaire des Systèmes Atmosphériques, has been operat-
ing on the observation site since 2006. The instrument characteristics and the measurement procedure are
described in Marticorena et al. [2010]. In brief, the principle is the study of the vibration frequency shift of
an oscillating conic element. This change of frequency is then linked to the mass concentration of the
surrounding air aspired through a vertical chimney. A size-selecting filter placed within the chimney allows
the PM10 measurement, which refers to the mass concentration of particles whose aerodynamic diameter
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is below 10μm. One should notice that the measurement process includes a heating of the aspired air to
about 50°C in order to ensure the thermic stability of the system and to avoid the condensation.
Nevertheless, this heating can imply the loss of volatile organic compounds, as well as marine aerosols that
might be present on the site, depending on the wind direction. The hourly measurements, which are the
finest time resolution measurements available, are used in this work.

2.4. Weather Station

In addition, a standard weather station operates on the observation platform. It provides measurements of
temperature, pressure, relative humidity (RH), wind speed, and wind direction. The measurements are
available since 2006 with a time period of 6 h.

3. Variability of Aerosol Properties
3.1. Meteorological Context

Due to its geographical location (14.39°N, 19.9°W), Mbour is under influence of the Intertropical Convergence
Zone (ITCZ) and its yearly oscillation that is responsible for the African monsoon. Two contrasted seasons
characterize this site: (i) the dry season (mainly in winter, from December to March/April), with RH below
40%, when the ITCZ is the most distant from the site and (ii) the wet season (RH≈ 80%), mostly in summer
(from June to September), while the ITCZ reaches latitudes close to those of Mbour.

The particles observed over the site can result from the combination of both local and transported aerosols
depending on the movement of air masses induced by the meteorological conditions. In order to better
understand the atmospheric context of the African site, we computed systematic back trajectories of air
masses with the HYSPLIT model (Hybrid Single-Particle Lagrangian Integrated Trajectory). These back trajec-
tories, ending at the observation site, reveal the history of air masses at three altitude levels (ground level,
3000m, and 5000m) along 72 h. Over the years 2006 to 2012, four computations have been processed per
day (every 6 h). Similar patterns have been found between the different years. An example of the seasonally
averaged results for 2006 is shown in Figure 1.

The distribution of the air masses features some privileged trajectories. The winter (dry season) can clearly be
distinguished from the three others that present rather similar behavior. At this latitude, the global atmo-
spheric circulation is governed by northeast dominating winds, namely, the Alizés, which behavior can be
seen from the back trajectories in winter at the ground level; the Harmattan wind then transports Saharan
air masses southwestward. Otherwise, from spring to autumn, the air masses at ground level are mostly ori-
ginating from the northwest andmore precisely from the west when focusing nearby the observation site. An
illustration of the Ekman spiral can be observed for higher air masses as, mainly coming from the east, they
are deviated from the ground direction.

On a finer time scale, one can note that the main changes in the wind orientation at the ground level occur in
November and February. In-between of these months, lowest air masses come from the northeast and are
under influence of the Saharan and Sahelian deserts. From March to October, a stronger oceanic influence
is suggested by the back trajectories showing that the air masses have been transported along the coastline.
During the same time period, the air masses at 3 km of altitude mainly come from the east and are, therefore,
potentially loaded with dust particles. For the higher air masses (5 km of altitude), this eastern influence is
shifted and shortened in time, from June to October. In January and February, the air masses at a range of
3 km are originating from the southeast regions, where active biomass burning fires occur in this period,
due to the local agriculture [Pelon et al., 2008].

Surface wind data, collected by the nearby-located weather station, reveal a good agreement with the
trajectories study at ground level. Two main wind directions can be identified: one from the northeast
for wintertime and another from the west for other seasons. Therefore, seasonal influences from oceanic
and arid areas are also visible in the ground level meteorological observations.

Employment of Lidar and Sun photometer measurements for aerosol analysis requires cloudless obser-
vations. In order to ensure the representativeness of the remote sensing measurements for each season
and, in particular, for the most cloudy summer, during the wet season, the cloud cover fraction has been
investigated through the Lidar automatic cloud detection procedure developed during this work.
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Indeed, the instrument operates continuously regardless of weather conditions and therefore contains clouds
measurements. The main seasonal results are reported in Table 1. The minimum and maximum clouds fraction
occurs, respectively, during spring (17%) and summer (36%). In summer, 29% of the clouds are low-level clouds

according to the International Satellite
Cloud Climatology Project (ISCCP) clas-
sification since their base is below
2km of altitude. It is notable that this
class of clouds is the less frequent in
winter (10% of the total clouds), while
most of the clouds are high-level
clouds (79%). The sunshine duration
has been calculated by multiplying
the cloud cover fraction by the day-
light duration. The obtained annual
amount is reaching about 3200h,
which is in good agreement with the
national weather measurements. The
sunshine durations of 8.0, 10.7, 8.9,

Figure 1. Seasonally averaged back trajectories processed over 72 h and finishing at Mbour at ground level (red), 3000m
(blue), and 5000m (green) for 2006. The color intensity is proportional to the number of back trajectories contained by
pixel. The black dotted line follows the vertical of the observation site.

Table 1. Clouds Cover Fraction Estimated With Lidar Automatic Detection
for Each Season (%)a

Spring Summer Autumn Winter

Clouds cover fraction 17.0 36.4 30.1 28.9
Daytime 38.7 43.8 48.0 45.3
Nighttime 61.3 56.2 52.0 54.7
Low altitude 12.2 29.2 15.7 9.7

Medium altitude 33.8 25.8 28.5 10.9
High altitude 54.0 45.0 55.8 79.4

Sunshine (h/d) 10.7 8.9 7.9 8.0

aDistinctions regarding daytime and height-base clouds, according to
the ISCCP (low, high, and medium altitudes stand, respectively, for clouds
whose base is below 2 km, above 5 km, or in between), are also provided.
The sunshine duration is calculated as the product between the clouds
cover fraction and the length of the day.
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and 7.9 h/d have been calculated for the different seasons from winter to autumn. Despite that the maximum of
the cloud fraction is found during summer, this season is also characterized by the longest daylight duration. This
compensation, therefore, enables a sufficient sunshine duration in the summer time. According to this interplay
between daylight and cloud cover fraction, the autumn is the season that presents the shortest sunshine dura-
tion. Nevertheless, close to 8h/d, this one is still sufficient to provide representativemeasurements of clear sky, as
is also confirmed by the number of AOT measurements (20% of the total measurements). One could note that
this number of AOTmeasurements is 35% higher duringwinter than during autumn, while the sunshine duration
is rather similar for these two seasons. This difference can be explained by the fact that most of the clouds
detected with the Lidar during the winter are high-level clouds, for which the detection from the Sun photo-
meters is less sensitive [Chew et al., 2010].

3.2. Column-Integrated Properties

In this part, we present a description of the different total column-integrated aerosol properties over different
time scales.
3.2.1. Aerosol Optical Thickness
The seasonal contrast observed in the back trajectories is also present in the AOT observations, as indicates
the AOT annual cycle (Figures 2a and 2b). For the sake of consistency with the Lidar wavelength, the AOT has
been calculated at 532 nm using the wavelength dependence given by α.

An average (±standard deviation) of about 0.43 ± 0.29 has been calculated over the whole continuous
observation period, from 2003 to 2014, considering more than 106,000 level 2.0 observations. In com-
parison, for Agoufou site (Tombouctou, Mali), which is located at the same latitude as Mbour, but distant
from the coast by 2000 km, the respective average is about 0.52 ± 0.13. These large average values and
standard deviations indicate an important load of particles with a wide discrepancy. Most of the
measurements (67% of daily averages) are between 0.1 and 0.5. A few clear days can be observed since
3% of the days are associated with a daily average lower than 0.1. At the opposite, 9% of the days are
related to an AOT greater than 0.8. The yearly cycle reaches its maximum in summer and minimum in
winter with respective averages of 0.57 ± 0.32 and 0.32 ± 0.21 (Table 2). Focusing on the monthly scale (
Figure 2b), one can note that the maximum occurs in June with a median value around 0.57, following a
local minimum in May (0.38 while the median is 0.41 in April). December appears as the clearest month
of the year with a median of about 0.24. When one reduces the time scale study to the day basis (
Figure 2c), a cycle can also be observed. From 09:00 to 17:00, the AOT is very stable since the medians
are between 0.33 and 0.36. Nevertheless, higher values are measured in the beginning and the end of
the day (0.41 at 08:00 and 0.50 at 19:00).

In order to investigate a potential of the long-term trends, we used the statistical Mann-Kendall seasonal test.
With a significance of 95%, only a decrease of AOT has been found during autumn. The linear regression
applied to the seasonal measurements provides a quantification of this decrease, which is about �29%
between 2003 and 2014 (�2.7%/yr).
3.2.2. Angstrom Exponent
Overall average of α as low as of 0.37 ± 0.25 indicates that the coarse mode is dominating. This is consistent
with the influence by both dust and sea salt particles suggested by the air mass backward trajectories and by
some in situ measurements [Deboudt et al., 2010]. This average is nevertheless slightly greater than the one
related to Agoufou site (0.30) that is closer to the dust emission sources and is probably less affected by
deposition of the coarsest desert particles. An annual cycle, whose amplitude is about 60%, is observed in
an opposite phase to the AOT cycle (Figures 3a and 3c). Theminimum andmaximum values measured during
summer and winter are, respectively, 0.23 ± 0.20 and 0.48 ± 0.27 (see Table 2). In Figure 3c, the evolution of α
at the daily scale again reveals an opposite cycle to the one observed for AOT. A weak variability is observed
between 09:00 and 17:00 (medians spreading from 0.30 to 0.35), while lower values are observed at sunrise
(0.25) and sunset (0.17). Unlike for the AOT, no trends can be highlighted for any season with the seasonal
Mann-Kendall test with a significance of 95%.
3.2.3. Volume Size Distribution
In this part we study the time variability of the VSD through the three following parameters: the effective
radius of the fine (rfine) and the coarse (rcoarse) mode of a bimodal size distribution, and the ratio of the ampli-
tude of these two modes n0,c/n0,f, where n0,c and n0,f stands, respectively, for the maximum of the coarse
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mode and the fine mode. Unlike AOT and α that are derived from direct Sun measurements, retrieval of the
VSD is normally conditioned by observations of sky radiances and requires large solar zenith angles and
measurements at several scattering angles. This is why the inversion results cannot be provided at the
latitude of this site between about 12:00 and 15:00UTC.
3.2.3.1. Effective Radii
The effective radii of the fine and the coarse modes [Schuster et al., 2006] present seasonal cycles with a
similar amplitude (about 10%) but with opposite phases. Thus, the maximum of rcoarse occurs simultaneously
with the minimum of rfine in December–January (rcoarse = 1.85μm and rfine = 0.12μm). An inverse pattern is
observed in August–September (rcoarse = 1.65μm and rfine = 0.14μm). In contrast with the previously
described parameters, there is no evident daily cycle for any mode of the VSD. On the other hand, the
application of the seasonal Mann-Kendall test highlights opposite trends for the two radii. A decrease in rfine
of about 1.7%/yr (from 0.16μm to 0.13μm) can be noted in spring, while rcoarse increases by about 0.8%/yr

Figure 2. Aerosol optical thickness measured at Mbour and interpolated at 532 nm. (a) The time series shows daily
averages (light green) and monthly averages (dark green) of the parameter. (b and c) Boxplots for different time scales.
The boxes extend from the first to the third quartile (IQR). The colored line is the median. Whiskers, highlighting variability,
extend from minimal and maximal values include in (median-1.5 IQR; median + 1.5 IQR).
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(from 1.64μm to 1.90μm). An increase in rcoarse is also found during winter (1.3%/yr, from 1.67μm to
1.90μm). The observed trends can be however quite unstable keeping in mind that an accuracy of about
35% can be expected for these retrievals parameters under the dust condition [Dubovik et al., 2000].
3.2.3.2. Modes Proportion
The monthly averaged amplitude of the coarse mode is at least twice greater than the one of the fine mode.
The overall average of the ratio n0,c/n0,f, which is plotted for different time scales in Figure 4, is about 9.7 ± 6.1.
The parameter has a strong seasonal cycle. It reaches its maximum in summer (n0,c/n0,f> 13) and its minimum
in winter (≈6, cf. Table 2). Namely, the minimum of the ratio occurs in November and December with median
values below 3. Despite only a part of the daily cycle can be observed due to the retrievals limitation to the
large Sun angles, the data suggest a reduction of about 18% at midday. That is, at 08:00 and 19:00, n0,c/n0,f is
above 10, while it is below to 7 at 10:00 and 16:00. No long-term trend has been found over the whole
time series.

For the sky measurements corresponding to AOT≥ 0.4 at 440 nm, which are common to this highly loaded
site, the Sun photometer inversions provide aerosol optical properties such as the refractive index RI and
the single-scattering albedo ϖ0.
3.2.4. Single-Scattering Albedo and Refractive Index
3.2.4.1. Single-Scattering Albedo
Figure 5 shows theϖ0 on different time scales. The value is presented at the Lidar’s wavelength (532 nm) and
is a result of interpolation between 440 nm and 670 nm that are available as part of the AERONET inversion
products. The overall average is about 0.92 ± 0.04. It shows a pronounced seasonal cycle, with maximum and
minimum, respectively, in summer and winter. This cycle, which was already noted in Léon et al. [2009] for the
period of 2006–2008, is visible for every single year of the period of 2003–2014 analyzed here. The maximum
reaches 0.94 (±0.02) in summer and the minimum, associated to stronger absorption, is about 0.87 (±0.05) in
winter, namely, a relative variation of about 4%. This pattern is consistent with measurements performed
during some field campaigns [Osborne et al., 2008] that indicate a mixture of dust and biomass burning
particles in winter [Pelon et al., 2008]. The daily scale reveals a cycle similar to the one of the ratio n0,c/n0,f,
which seems to reach its lowest value at midday, while the variability becomes more important (see Figure 5c).
No long-term trend could have been noted for any season.
3.2.4.2. Refractive Index
The real and the imaginary parts of the refractive index, calculated at 532 nm, present inverse seasonal cycles.
As expected, mi is in opposite phase with ϖ0. The extreme values are observed during winter (0.010) and
summer (0.003). Reciprocally, mr seasonal averages are around 1.43 in winter and 1.47 in summer. The
seasonal averages and standard deviations are reported in Table 2. A daily trend has been found mainly
for mi. This parameter increases from 08:00 to 10:00UTC (from 0.003 to 0.005) and decreases from 16:00 to
18:00 (from 0.007 to 0.002). This constitutes a portion of cycle that is significant since its peak-to-valley value,

Table 2. Main Vertical-Integrated Aerosol Properties for Different Seasons, Mass Concentration Measured at Ground
Level by a TEOM, and Vertical Distribution Parameters Retrieved From Lidar Measurements (Average ± Standard
Deviation) Over the Period 2006–2014

Spring Summer Autumn Winter

AOT 0.48 ± 0.30 0.57 ± 0.32 0.37 ± 0.23 0.32 ± 0.21
α 0.31 ± 0.18 0.23 ± 0.20 0.46 ± 0.25 0.48 ± 0.27
rfine (μm) 0.14 ± 0.03 0.14 ± 0.03 0.13 ± 0.02 0.13 ± 0.02
rcoarse (μm) 1.72 ± 0.17 1.69 ± 0.14 1.75 ± 0.20 1.82 ± 0.24
n0,c/n0,f 10.22 ± 6.19 13.00 ± 6.06 7.06 ± 5.72 6.24 ± 5.57
ϖ0 0.92 ± 0.02 0.94 ± 0.02 0.92 ± 0.04 0.87 ± 0.05
mr 1.46 ± 0.04 1.47 ± 0.04 1.45 ± 0.05 1.43 ± 0.05
mi 0.004 ± 0.002 0.003 ± 0.001 0.005 ± 0.004 0.010 ± 0.007
Sa (sr) 27 ± 13 37 ± 21 37 ± 18 30 ± 15
PM10 (μgm

�3) 145 ± 153 56 ± 29 75 ± 57 149 ± 107
σext(z0) (km

�1) 0.21 ± 0.13 0.21 ± 0.14 0.13 ± 0.09 0.15 ± 0.12
σext(3 km) (km�1) 0.08 ± 0.06 0.09 ± 0.06 0.07 ± 0.05 0.04 ± 0.04
PBL (m) 730 ± 540 790 ± 550 880 ± 670 960 ± 640
TL (m) 3790 ± 1380 3320 ± 1710 3040 ± 1400 2690 ± 1430
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of about 120%, is greater than the expected accuracy (50%) [Dubovik et al., 2000]. Application of the seasonal
Mann-Kendall reveals no trend for mi, neither for mr, which is in line with the results for ϖ0.

The last column-integrated parameter presented in this part is the Lidar Ratio and is derived from the cojoint
inversion of Sun photometer and Lidar measurements.
3.2.5. Lidar Ratio
Between 2006 and 2014, more than 39,000 inversions distributed over 1564 days have successfully passed
the quality control tests discussed in section 2.2. Number of Lidar ratio values related to dust particles can
be found in the literature. Most of them are nevertheless based on time-limited field campaigns. Thus, as a
nonexhaustive list, one can cite works of Esselborn et al. [2009], Powell et al. [2000], Voss et al. [2001], and
Welton et al. [2000] with respective averaged values of 44 ± 6 sr, 35 ± 5 sr, 41 ± 8 sr, and 37± 9 sr at 532 nm.
Papayannis et al. [2008] present a climatology of transported dust Sa retrievals over several years with
Lidars integrated into the European Aerosol Research Lidar Network. A high variability is found (20–100 sr),
which can be partially explained by the variable distance of the observation sites from the sources. Indeed,
the particles properties are affected by their transport through different processes such as the humidification
or the deposition of the coarsest particles. In our study, an average of Sa = 32± 16 sr is found. This result is

Figure 3. Same as Figure 2 but for Angstrom exponent.
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therefore consistent with published values. However, one can notice that in spite of the attention dedicated to
the Lidar calibration, higher values are observed after 2011, when the calibration is more trustable according to
the authors. Starting from this time, an averaged value of Sa = 40±15 sr has been found.

Unlike most of the previously described parameters, no clear seasonal cycle is found in the Lidar ratio. Thus,
the intrusion of biomass burning particles during winter does not seem to affect consequently the column Sa.
However, by filtering cases according to the Angstrom exponent in order to favor fine particles, an increase of
Sa with α can be observed. After 2011, we thereby have Sa(α> 1.0) = 46 ± 19 sr and Sa(α< 0.5) = 39 ± 15. The
presence of sea salts, suggested at ground level by the back trajectories from spring to autumn, would tend
to decrease the Lidar ratio (compared to pure dust cases) since the low values of Sa (≈25 sr) are attributed to
the marine particles [Müller et al., 2007].

In the 3 years study presented by Léon et al. [2009], the discussed Lidar ratio is calculated from the Sun
photometer retrievals. Indeed, Sa,Sun is defined as follows:

Sa;Sun ¼ 1
ϖ0

4π
p 180ð Þ ; (1)

Figure 4. Same as Figure 2 but for the ratio of coarse and fine modes amplitude.
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where p(180) is the phase function at 180°. The calculation of Sa,Sun over the whole data set gives an average
value of about 63 ± 11 sr. In this case, a seasonal cycle is clearly visible with the winter values (≈75 sr) higher
than the summer ones (≈50 sr). With respect to the Lidar ratio climatology as calculated from Sun photo-
meters retrievals [Cattrall et al., 2005], the high winter values could be attributed to urban/biomass burning
particles, while the low summer average is mainly consistent with dust/sea salts.

Because ϖ0 is required in Sa,Sun calculation, the reported averaged values are relevant for AOT> 0.4 at
440 nm. In the same conditions, the averaged Sa increases from 40 ± 15 to 44 ± 11 sr. This value is still
lower than the global Sa,Sun. Such differences between Lidar and photometric Lidar ratios have been
found by Müller et al. [2007] who highlight that due to geometric configuration, the phase function is
not directly measured by the Sun photometer at 180° but is computed. On the other hand, the Lidars
are less sensitive to the lowest particles (overlap function, extrapolation for the first meters) and could
be less affected by the freshly emitted aerosols. On the daily scale, we observe higher values of Sa at
10:00 and 16:00 (30 sr and 29 sr) comparing to the beginning, the middle, and the end of the day (27 sr
at 08:00 and 18:00 and 26 sr at 14:00). The amplitude of this trend is nevertheless quite low regarding
the variability of this parameter.

Figure 5. Same as Figure 2 but for the single-scattering albedo ϖ0.
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3.3. Vertical Distribution

A time series of the monthly averaged vertical extinction profiles, PBL, and TL heights is shown in Figure 6. The
maximum values are observed at ground level, usually in the midyear (summer), reaching 0.35 km�1 at 532 nm.
Significant extinction values (σext> 0,1 km�1) are observed under the TL ranging from 2.5 km in winter to 5 km
in summer. The PBL variation is weaker and does not exceed 500m. It is not correlated with the seasonal
temperature, as it can be observed in some midlatitudes areas [Seidel et al., 2010]. Lower values are even
observed in spring and summer (730m and 790m), while the PBL is the most extended in winter (960m).

Despite the interannual variability, some trends can be featured regarding the vertical distribution of the
aerosols. The seasonal averages are presented in Figure 7, and the averages of some key parameters are
reported in Table 2.

The winter is characterized by a relatively monotone decrease of the extinction with the altitude. The seaso-
nal average is about σext(z0) = 0,15 km�1 at ground level, while it is about 0.04 km�1 at 3 km. The relative
decrease, therefore above 70%, illustrates the transport of the dust from the desert sources at ground level
as suggested by the back trajectories. The absence of separate elevated layers does not permit to highlight
sporadic biomass burning particles events from the seasonally average profiles.

During springtime an increase of extinction values at ground level is observed (+50%). The increase reaches
more than 125% at an altitude of 3 km. These growths are coincident with the transport of marine particles at
the ground level and of dust in altitude (Figure 1).

Similar extinction values are observed in summertime at ground level and slightly higher values at a height of
3 km. An uplifted layer (Saharan Air Layer) is clearly visible as transported above the PBL. At a height of 5 km,
the extinction grows from 0.01 km�1 in spring to 0.03 km�1 in summer. Finally, it is noticeable that the
interannual variability is quite low for this season compared to spring or autumn. The westward transport
of this elevated layer is regularly observed in Capo Verde [Chiapello et al., 1997] and over Canary Islands
[Kandler et al., 2007; Viana et al., 2002].

The lowest extinction values at ground level are found in autumn (0.13 km�1). The decrease is also important
at altitude of 5 km where σext does not exceed 0.02 km�1, excluding the year 2008, which average relies on
measurements spread over four different days only. Important extinctions are however still observed at 3 km.
The associated back trajectories consistently reveal a residual contribution from the source regions at
this altitude.

The annual cycle of TL, whose amplitude is beyond 1000m, tracks the top of the Saharan Air Layer during
summer and is a signature of the desert particles transport on altitude [Léon et al., 2009].

3.4. Interpretation

This section presents interpretation of the aerosol properties variability on the different time scales as mea-
sured by the Sun photometer (integrated parameters), the TEOM (PM10), and the Lidar (vertical distribution)
colocated on the observation site. The meteorological parameters, as temperature, pressure, wind, and
precipitations, are also considered in the interpretation of the different features previously described.

Figure 6. Time series of monthly averaged extinction profiles. The white and black dots refer, respectively, to the heights of
the planetary boundary layer and the top layer.
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3.4.1. Seasonal Trends
The study of the integrated aerosol properties on the seasonal scale reveals mainly two contrasted seasons:
the summer (wet season) and the winter (dry season) spaced out by the intermediate spring and autumn. The
annual cycles observed for most of the parameters, with different relative amplitudes, are either in phase or in
opposition of phase. The profiles describing the vertical distribution of the aerosols present also different
seasonal features.

The summer is characterized by a large bulk of aerosols (maximum of AOT) of coarse size as indicated by the
low α and the maximum of the ratio n0,c/n0,f, and moderate absorption (ϖ0 = 0.94) that corresponds to the
low imaginary part of the refractive index, mi (0.003). These values are consistent with desert-dust particles.
The presence of sea salts, suggested by the back trajectories at ground level is nevertheless not discordant
with the seasonal averages. Indeed, the climatology value reported by Dubovik et al. [2000] for desert dust
and oceanic particles (in Capo Verde) is about ϖ0 = 0.95 at 532 nm. The complex refractive index of about
m= 1.47–0.003i is still consistent with a mixture of dust and sea salts in Mbour during summer. Logically,
summer is associated with the highest relative humidity (≈75%), which however should not affect significantly
the optical properties of the dominant dust [Gassó et al., 2003], including the extinction, and cannot explain the

Figure 7. Seasonally averaged extinction profiles for different years. Beside each year, the numbers of different days available and, in parentheses, the total number
of inversions for this period.
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highest seasonal AOT. This large AOT is induced by the large σext retrieved above the PBL, which shows the
transport of dust in elevated layers that was suggested by the back trajectories [Chiapello et al., 1995]. This trans-
port in altitude is also responsible for the lowest mass concentration measured during this season (Table 2).

Thewinter is associatedwith amuch lower aerosol loading. Themaximum seasonal value of α (and theminimum
n0,c/n0,f) implies a stronger contribution of the fine particles. However, the VSD remains dominated by the
coarse mode. These particles are absorbing, as indicated by the minimum ϖ0 (0.87) linked with the high
values of the imaginary part of the refractive index, mi (0.010). The values are consistent with a mix of both
desert dust and biomass burning aerosols [Derimian et al., 2008a, 2008b]. Indeed, the ϖ0 found is in close
agreement with the climatology value for biomass burning particles from the African savanna [Dubovik
et al., 2000] which is about ϖ0 = 0.87. This confirms the origin of the absorbing particles observed over
Mbour. The averaged α, although maximum during this season (0.48), is however much lower than the
one associated with African savanna biomass burning particles (1.4< α< 2.2) and reveals the residual pre-
sence of coarse particles. As mentioned previously, this season coincides with vegetation fires initiated for
agriculture purposes [Liousse et al., 2010]. Some biomass burning events have been studied in this area at this
period: Pelon et al. [2008] at Djougou (Bénin) or Cavalieri et al. [2010] at Banizoumbou (Niger), Cinzana (Mali),
and even at Mbour, for the three first years of observation. Nevertheless, a recent study based on in situ
measurements (aromatic composition) performed during the dry season in Mbour shows that the organic
particles come mainly from local sources (wood-fired oven, burning of grass/dry leaves), rather than the
transport of biomass burning particles coming from Sahelian area [Flament et al., 2011]. The local emission
of these particles in the lowest layers could explain why no separate elevated layer, which would represent
the biomass burning particles transport, is found in the seasonal averaged extinction profiles.

In Mbour, the temperature difference is weak between winter (26°C) and summer (29°C). The minimum of
PBL height observed during summer could be explained by the more important scavenging due to higher
precipitations, leading to a more efficient cleaning of the lowest layers.

In the summertime, the mass-to-extinction ratio of the particles measured at low level is 4 times weaker than
the one corresponding to winter, when the aerosols transported at this level mainly come from the desert
sources. This difference may partially be attributed to a lower density for the summer aerosols, which is
consistent with sea salts particles (comparing to dust, whose density is about 2.6 g cm�3).
3.4.2. Daily Trends
All of the daily cycles previously described have been observed for each of the seasons, although with
different magnitude. This indicates a steady and probably local phenomenon and not an artifact possibly
produced by the number of measurements involved (e.g., more measurements early in the morning
(~08:00) and later in the evening (~18:00) during the summertime).

The Angstrom exponent, α, presents lower values at the beginning and the end of the day occurring simul-
taneously with a higher n0,c/n0,f ratio (compared to midday). This behavior is even more contrasted in
autumn and winter (α cycles with amplitudes about 66% and 78%) comparing to spring and summer
(30% and 13%). The variation of both α and n0,c/n0,f is consistent and indicates finer particles at midday.
This observation could result partially from an effect of aerosol hygroscopic growth since the RH is mini-
mum at around 12:00 (~60%) and is maximal (~80%) at 06:00. In spring and summer, the higher proportion
of mineral dust, less affected by the RH, would then explain the weaker observed cycles. This size cycle
might be also explained by the previously mentioned local emission of carbonate aerosols during the
day, most likely composed of fine particles. This latter hypothesis is reinforced by the two opposite cycles
observed for ϖ0 and mi. Respective lower and higher values of ϖ0 and mi are found at sunrise and sunset.
These features imply more absorbing particles at midday, which is consistent with the emission of carbo-
nate (absorbing) aerosols.

The daily scale study also highlights a cycle of the AOT, which minimum is usually reached between 12:00
and 14:00. This trend has already been found in other sites (e.g., Nigeria), but the reasons are not always
clear [Smirnov et al., 2002]. In our case, for instance, the daily variability in AOT appears as correlated with
one of wind speed. Wind speed values (downscaled to four averaged values per day) demonstrate that the
wind is twice faster at 12:00 (~3m s�1) than at 18:00 or 06:00 (~1.5m s�1). This variation may imply an
enhanced dispersion of the particles at midday, which could therefore induce a decrease of the aerosol
concentration and a lower AOT.
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It is noteworthy to mention that the site is affected by regular arrivals of the sea breeze, which are charac-
terized by sudden changes of the wind direction, temperature that drops up to 10° within fewminutes, and
relative humidity. Therefore, although averaged meteorological parameters do not allow direct considera-
tion of changes due to the sea breeze arrival, it may indeed affect the aerosol concentration and properties
during the noontime.

The daily study of the vertical profiles has shown weak variation. Similarly to the seasonal scale, the differ-
ences of temperature during a day are generally low, since the maximum is observed between daytime and
nighttime during the spring and is about 4°C on average. This relative thermal stability does not strongly
stimulate the convection phenomena that, therefore, do not seem to rule the vertical distribution of aero-
sols in this site.
3.4.3. Weekly Trends
The weekly scale studies can be used, especially for urban sites, in order to demonstrate the anthropogenic
impact when a correlation is found with the human activities rhythm—the “weekend effect” [Bäumer et al.,
2008; Jin et al., 2005; Marr and Harley, 2002].

We focus on analysis of weekly variations of AOT, α, and PM10. If no significant trend has been highlighted for
α, a cycle has been found for AOT (about 7%) with minimums at the beginning and the end of the week,
between which PM10 increases by about 10% (see supporting information). An anthropic effect seems to
occur at this site, even though its atmospheric conditions are mainly driven by natural particles. Although
Mbour cannot be considered as an active industrial city, some part of its 200,000 inhabitants use vehicles that
are often decrepit. “If the government applied international standards, more than 90% of the vehicle fleet
would be impounded,” declared the transport and infrastructure minister, Thierno Alassane Sall, in July
2013. In addition, an important north to south transportation axis passes through Mbour. The use of these
high-emitting vehicles could explain the AOT observed cycle, as the transport is likely to be less important
during the weekend. With low-averaged wind speed measured at ground level, the accumulation of the
emitted particles from the transport is thereby strengthened, leading to an increase of PM10 during the week
from Monday to Saturday.
3.4.4. Long-Term Trends
The application of the seasonal Mann-Kendall test revealed an important decrease of AOT during autumn
since it reaches almost 30%. Not any simultaneous trend has been found for this season considering the other
parameters and measurements. This decrease is therefore driven by an extensive parameter. We do not have
an explanation for this behavior yet, which might be explored by further investigating the meteorological
conditions in the source regions. A simultaneous decrease of rfine has been found during spring with an
increase of rcoarse that extends until winter. However, these trends remain weak as regards the expected accu-
racy on these parameters. The study of other parameters, as well as the back trajectories, could not provide an
explanation for these behaviors.

4. SW Direct Radiative Effect and Heating Rates Calculated Using Lidar Profiles

TheMbour site is mainly influenced bymineral dust particles in summer and is sporadically subject to the trans-
port of biomass burning particles during thewintertime. The aerosol radiative effect therefore involves particles
of different type [Derimian et al., 2008a, 2008b]. In contrast to previous studies, the aerosol radiative effect cal-
culations in this work involve the aerosol vertical profiles derived from the Lidar observations. The vertical aero-
sol distribution may influence the calculated aerosol radiative effect, particularly in specific combination with
surface reflectance, aerosol loading, and absorption properties, [e.g., Guan et al., 2010]. Disposing of long time
series of extinction profiles, we present the results of the shortwave (0.2 to 4μm) direct radiative effect calcu-
lated for the whole observation period employing both Lidar and Sun photometer observations.

4.1. Definitions

The direct net radiative effect (ΔFnet, denoted ΔF hereafter) is defined as the difference between the net
fluxes (difference between downward and upward fluxes) for an atmosphere containing aerosols, FA, and
aerosol free atmosphere, FC, e.g., [García et al., 2012; Roger et al., 2006]:

ΔF ¼ F↓A � F↑A
� �� F↓C � F↑C

� �
(2)

where the arrows ↑ et ↓ indicate, respectively, upward and downward fluxes.
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At the bottom/top of atmosphere (BOA/TOA), the respective radiative effects, ΔFBOA and ΔFTOA, are defined
as follows:

ΔFBOA ¼ F↓ABOA � F↓CBOA
� �

1� SAð Þ; (3)

where SA is the surface albedo, and

ΔFTOA ¼ F↑CTOA � F↑ATOA

� �
: (4)

The difference between the radiative effects at TOA and BOA gives the atmospheric radiative effect, ΔFatm,
which corresponds to the residual radiative fraction into the atmosphere:

ΔFatm ¼ ΔFTOA � ΔFBOAð Þ (5)

A positive radiative effect therefore indicates a heating of the surface-atmosphere system, while a negative
value implies a cooling.

In order to study how efficient are the aerosols regarding the radiative effect, the radiative efficiency is intro-
duced, ΔFeff, which allows to get rid of the variable quantity of particle. It is therefore defined as the net radia-
tive effect per unit of AOT, e.g., at 550 nm:

ΔFeff ¼ ΔF
AOT550

: (6)

Finally, the radiative effect can be used for calculating the heating rate, dTdt (K d
�1), which is proportional to its

vertical derivative and is defined as follows:

dT
dt

¼� 1
cpρ

dF
dz

; (7)

where cp is the mass thermic capacity (J · kg�1 · K�1) and ρ the air density (1293 kgm�3).

4.2. Methodology

The radiative effect calculation is performed over the whole database, whenever both Sun photometer and Lidar
inversions are available. Thus, we dispose of an accurate aerosol model (spectral refractive index, VSD, and
nonsphericity fraction) and a measured profile of extinction. A computational tool that is implemented in the
AERONET operational code for calculations of broadband solar flux and aerosol radiative effect [García et al.,
2008] is then applied for results of the combined Sun photometer and Lidar measurements. A real extinction
profile is therefore attributed to every AERONET retrieval and is taken into account in the aerosol radiative effect
calculation. As have been described in Derimian et al. [2008a, 2008b, 2012] and García et al. [2008, 2012], the
radiative effect computational tool employs the GAME radiative transfer model (Global Atmospheric ModEL)
[Dubuisson et al., 1996, 2006]; Roger et al., 2006] that enables to accurately account for the molecular scattering
and the gaseous absorption. The water vapor amount is estimated thanks to the differential absorptionmeasured
at 0.94μmwith the Sun photometers (AERONET inversion). Standard profiles are used in order to describe the CO2.
Monthly climatology values of the total ozone content obtained from NASA Total Ozone Mapping Spectrometer
are used for the ozone vertical profiles. The radiative code also takes into account variability in the surface reflec-
tance and its directionality. To that end, the surface reflectance is approximate by using a bidirectionnal reflectance
distribution function as characterized by the albedo surface modeled from MODIS climatology.

The radiative effect calculation is performed at several zenithal angles. The following interpolation then per-
mits assessment of the daily radiative effect, which is the object of this study. The logistics of the calculation
process is summarized in Figure 8.

4.3. Radiative Effect
4.3.1. Results
The monthly averaged profiles of the aerosol net radiative effect are shown in Figure 9. Seasonal averages are
also reported in Table 3 for key parameters. The results reveal a clear seasonal cycle. Focusing at low altitudes,
we observe the highest absolute values during the spring (ΔFBOA=�24.47Wm�2) and the lowest during the
winter (ΔFBOA=�17.19Wm�2), which to say a relative difference of about 30%. At TOA, the minimum is
observed in winter (ΔFTOA=�5.13Wm�2), and the maximum is related to summer (ΔFTOA=�11.58Wm�2).
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The absolute difference of about
6.5Wm�2 is, at this altitude, greater
than the one observed at ground level
(5.5Wm�2). The resulting atmospheric
effect is maximum during spring and
minimum during autumn.

These results are modulated by the
amount of particles, which vary
widely as shown by the seasonal
AOT cycle. The efficiency, ΔFeff, per-
mits to get rid of this effect.
Figure 10 presents the values at TOA
and BOA, as well as the surface
albedo used for the calculation.

The annual variation of the surface
albedo in this site is not strong but

still visible (between 0.15 and 0.21) and can explain a part of the TOA aerosol radiative effect variability. In
contrast to ΔF, a maximum of ΔFeff at ground level is found during winter (a mean value of
�65.23Wm�2). The minimum of ΔFeff of about �45,19Wm�2 is reached in summer. This value is consistent
with the work of García et al. [2012] that is associated with the dust particles. The annual cycle at TOA is out of
phase with the one at BOA. The maximum and minimum are thus observed, respectively, in autumn and
spring for a relative difference of about 40%.

The maximum of radiative effect, observed during spring to summer at BOA, is therefore due to the highest
concentration in particles. Associated with a low absorption, the desert dust that dominates during these
seasons is indeed less efficient than the strongly absorbing particles observed during winter, known as
influenced by the biomass burning aerosols [Haywood et al., 2008].

Because desert dust is large enough to interact with the terrestrial radiation and has a positive effect globally,
it is balancing the shortwave negative forcing [Haywood and Boucher, 2000]. The longwave aerosol radiative
effect, however, is not in the scope of the current study.
4.3.2. Influence of the Aerosols Vertical Distribution
Whenever the vertical distribution of the aerosols is unknown, simple models can be used (exponential,
Gaussian, etc.). In order to estimate an uncertainty committed by using such simplifications, the broadband
radiative fluxes have been calculated using vertical profiles retrieved by the Lidar and profiles approximated
by a Gaussian distribution centered at a height of 2 km and with a standard deviation of 500m; the rest of the
aerosol characteristics are evidently the same in the both scenarios. The obtained differences are reported in
Table 3.

For any season, the uncertainties obtained for the radiative effect at BOA are negligible (<0.5%). It is however
somewhat larger for the case at TOA, where a seasonal variability is also observed. The minimum differences
occurred in summer (2%) and the maximum in winter (5%). The reason for this seasonal variability is that an

Figure 8. Aerosol radiative effect calculation logistics.

Figure 9. Monthly averages vertical profiles of direct aerosol net radiative effect between 2006 and 2014.
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elevated layer simulated by a Gaussian distribution appears as better suited to summer and spring seasons,
whereas a relatively higher concentration of aerosols is mainly observed at ground level during winter. In
addition, this last season is associated with more absorbing particles. In presence of such aerosols, the
estimation is more sensitive to their vertical distribution since they will interact differently, according to their
altitude, with the radiation scattered by the molecules [Meloni et al., 2005]. However, despite relatively small
differences that are observed at BOA and TOA, quite considerable differences (up to 10Wm�2) are found at
the altitude of the aerosol layers if an assumed distribution is used instead of a real one. Uncertainties in ΔF
and ΔFeff are found as similar, as could be expected.

4.4. Heating Rates

The heating rates due to aerosol presence can be derived from the values of the calculated radiative effect
(equation (7)). In Figure 11 we present the monthly averaged profiles for the contribution of aerosols and
gases only as well as for the combination of these two.

The daily heating induced by the gases presents an annual cycle, maximum in summer and minimum in
winter. This variation is explained by the combination of the change in concentration of gases (H2O maximum
during the wet season) and the sunshine duration (alsomaximum at this time). The heating rate induced by the
molecules at ground level is thus about 0.64 Kd�1 in summer and about 0.39 Kd�1 in winter. At the ground
level, the aerosols contribute, respectively, to 32%, 20%, 15%, and 38% of the total heating (gases and aerosols)
from spring to winter. At an altitude of 3 km, their contribution is about 29%, 24%, 25%, and 28%, for absolute
values of 0.25, 0.23, 0.19, and 0.17Wm�2.

5. Conclusions

Since 2003, a continuous aerosol monitoring is performed at the coastal Mbour observation platform located
on a pathway of mineral dust and biomass burning aerosol from the Sahara desert and the Sahel. In their
paper, Léon et al. [2009] presented the three first years of measurements performed on this site and sug-
gested the need of extending the monitoring. Automatic procedures have been developed and implemen-
ted since that time in order to treat and interpret close to 10 years of Lidar and Sun photometer observations.

Table 3. Seasonal Solar Clear-Sky Direct Net Radiative Effect and Efficiency Integrated Over a Daya

Spring Summer Autumn Winter

ΔFBOA (Wm�2) �24.47 (�0.21%) �22.74 (�0.18%) �17.25 (�0.00%) �17.19 (�0.11%)
ΔFTOA (Wm�2) �8.31 (�3.35%) �11.58 (�2.00%) �8.33 (�2.69%) �5.13 (�5.00%)
ΔFAtm (Wm�2) 14.15 (+1.57%) 11.15 (1.52%) 8.92 (�2.36%) 12.06 (+1.85%)
ΔFeffBOA (Wm�2) �51.14 (�0.42%) �45.34 (�0.22%) �52.13 (�0.00%) �65.23 (�0.11%)
ΔFeffTOA (Wm�2) �18.28 (�3.27%) �23.49 (�2.35%) �24.60 (�2.69%) �18.68 (�4.56%)
ΔFeffAtm (Wm�2) 32.86 (+1.44%) 21.85 (+2.20%) 27.54 (+2.28%) 46.55 (+1.60%)

aThe parentheses stand for the differences in retrieval when a standard Gaussian distribution is used for describing
the aerosols vertical profile.

Figure 10. Solar clear-sky radiative effect efficiency at the top (in red) and the bottom (in blue) of the atmosphere. The
black solid line is the surface albedo at 650 nm.
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The results presented in this work reveal some distinct patterns for the total column-integrated aerosol prop-
erties at different time scales that also imply different phenomena. Annual cycles are observed for each para-
meter with, as consequence, contrasted values for the different seasons. This contrast is maximum
considering winter (dry season) and summer (wet season). Both these seasons are characterized by air
masses of different origins. The influence of desert dust source regions is suggested by the back trajectories
at ground level during winter and at higher altitude, in a thicker layer, during summertime, while the air
masses close to the ground have been transported over the Atlantic Ocean. The resulting variation in the nat-
ure of the particles gives contrasted seasonal aerosol properties. The summer is thus characterized by a high
aerosol load (AOT= 0.57) composed of large (α= 0.23) and weakly absorbing (ϖ0 = 0.94) particles (mainly
dust). In contrast, finer absorbing particles (α=0.48 and ϖ0 = 0.87) are observed during winter and are asso-
ciated with a lower aerosol burden (AOT= 0.32). The high absorption is explained by the sporadic transport of
biomass burning particles during autumn and winter, but mostly by the local emissions from wood-fired
ovens or from the transport whose proportion (regarding to dust) is higher in winter and autumn. This local
influence explains the weekly trends observed (AOT variation about 7%) and contributes to the daily trends
due to the meteorological conditions reported here (relative humidity and wind speed). The long-term set of
observations, analyzed through application of the seasonal Mann-Kendall test, reveals a significant decrease

Figure 11. Solar clear-sky heating rates profiles (monthly averages) from 2006 to 2014 for the different atmospheric con-
tributions: (a) gases, (b) aerosols, and (c) total.
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of AOT about 30% during autumn. The Lidar ratio derived from the combined Lidar and Sun photometer
inversion differs from the AERONET derivate one. The average is about 40 ± 15 sr and tends to increase with
α even though no neat seasonal cycle can be observed. The vertical distribution of the aerosols is complex
over this site since the desert dust is transported in an elevated layer in spring and summer and close to
the ground during winter. This transport is clearly visible from the derived extinction profiles that show,
beyond the interannual variability, quite reproducible seasonal patterns (σext = 0.04 km� 1 in winter and
σext = 0.09 km� 1 in summer at a height of 3 km).

An accurate estimation of the clear-sky shortwave direct radiative effect has been performed using combina-
tion of Sun photometer and Lidar retrievals. A differential study highlighted the importance of the aerosol
vertical distribution knowledge. Usage of a standard Gaussian profile assumption can result in large differ-
ences (>10Wm�2) at the altitude of aerosol layers. The differences found for this site at the TOA and BOA
are, however, significantly lower. At the same time, uncertainties at TOA and BOA present a pronounced
annual dependence. That is, the differences at TOA are of about 2% in summer and about 5% in winter.
The aerosol radiative effect values themselves also present seasonality. From spring to winter, daily average
values of 14.15Wm�2, 11.15Wm�2, 8.92Wm�2, and 12.06Wm�2 have been calculated for the clear-sky
atmospheric radiative effect. The aerosols are characterized by a higher radiative efficiency during winter
(46.55Wm�2) than during summer (32.86Wm�2). The derivation of the aerosol solar clear-sky heating rate
reveals that the particles can contribute up to 38% of the total atmospheric heating in the wintertime.

Continuous aerosol observations and real-time data processing are maintained in the Mbour site up to the
present. The interest of such observations is reinforced when studying short-time phenomenon and for
getting unbiased averages, especially when daily cycles exist. In their work, Kaufman et al. [2000] present a
comparison of aerosol observations (AOT and α) between AERONET and Terra/Aqua satellites observations
that are performed over 90min time window per day. The time window restriction involves a weak difference
(about 2%) for the global averaged AOT. The computation of the seasonal averages over Mbour performed,
on one hand, with all the day measurements and, on the other hand, with measurements corresponding to
the Terra track, reveals greater differences. These ones can be explained by the daily cycles described
previously. Thus, by limiting AERONET observations to Terra observation conditions, the averaged AOT would
be 2% higher in summer and 6% lower in winter. The difference reaches +17% regarding α in the wintertime.

The continuity of the observations performed over this station for several years makes the Mbour site as
particularly interesting for comparison exercises with output models [Cuevas et al., 2015] or satellites.
These continuous observations can be punctually reinforced through intensive field campaigns. Thus, in
March 2015 was started a multidisciplinary Study of SaHAran Dust Over West Africa 2 campaign thanks to
the cooperation of seven French laboratories involved in the Chemical and Physical Properties of the
Atmosphere labex project. Additional measurements are performed and complement the existing observa-
tions. A powerful multiwavelength Lidar (LILAS) is providing vertical profiles at several wavelengths with
Raman and depolarization information. These profiles, which do not require any vertical homogeneity
assumption, could be used for evaluating the extinction profiles derived from the simple monowavelength
Lidar used in this work. The validation of the profiles could be investigated as well with the mobile Sun
photometer Photomètre Léger Aéroporté pour la Surveillance des Masses d’Air (PLASMA) [Karol et al., 2012],
which performs airborne measurements and provides optical thickness profiles at several wavelengths. A com-
monly recognized weakness of most of the Lidars, which is in the accuracy of the measurements at low altitude,
was also addressed in this field campaign by performing ground-based nephelometer measurements aiming
examination of the lowest layers homogeneity hypothesis.
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